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Antigen Presentation in Extracellular Matrix:
Interactions of T Cells with Dendritic Cells
Are Dynamic, Short Lived, and Sequential
the minimum contact time between TCR and surface-
bound cognate peptide–MHC complexes was estab-
lished in the range of 20 hr (Iezzi et al., 1998). The mini-
mum duration of TCR signaling required by naive T cells
is lowered to 6 hr in the presence of mature DC (Lanza-
Matthias Gunzer,*†‡ Angelika Scha¨fer,*
Stefan Borgmann,* Stephan Grabbe,‡
Kurt S. Za¨nker,† Eva-Bettina Bro¨cker,*
Eckhart Ka¨mpgen,* and Peter Friedl*§
*Department of Dermatology
University of Wu¨rzburg vecchia et al., 1999) or to 2 hr for preactivated T hybrid-
oma cells in the presence of macrophages (Underhill etJosef-Schneider
Str. 2 al., 1999). It has also been shown that interaction of the
TCR with plate-bound cognate MHC molecules induces97080 Wu¨rzburg
Germany migratory arrest in T lymphocytes provided by LFA-1/
ICAM-1-mediated adhesion (Dustin et al., 1997). The† Institute of Immunology
University of Witten/Herdecke transition from a migratory to a sessile state is a prereq-
uisite for the formation of a tight and highly organized‡Department of Dermatology
University of Mu¨nster interaction and signaling zone between T cell and APC,
termed supramolecular activation cluster (SMAC) (MonksGermany
et al., 1998) or “immunological synapse” (Grakoui et al.,
1999). A central portion of the interaction plane contains
TCR, CD3, CD4 or CD8, CD2, and CD28, as well as signal-Summary
ing molecules (e.g., Lck, Fyn, Zap70, PKCu, MEKK2),
whereas an outer ring–like zone is enriched for adhesionCognate interactions of naive T cells with antigen-
presenting dendritic cells require physical cell–cell molecules LFA-1 and ICAM-1 (Monks et al., 1997, 1998;
Shaw and Dustin, 1997; Dustin and Shaw, 1999; Pen-contacts leading to signal induction and T cell activa-
tion. Using a three-dimensional collagen matrix video- ninger and Crabtree, 1999; Schaefer et al., 1999).
On the other hand, TCR triggering also leads to long-microscopy model for ovalbumin peptide-specific ac-
tivation of murine and oxidative mitogenesis of human lasting actin engagement and migration of T cells (Niko-
lai et al., 1998) and actin-dependent reorientation of theT cells, we show that T cells maintain vigorous migra-
tion upon cognate interactions to DC (dendritic cell), T cell surface toward the T–APC interface (Wu¨lfing and
Davis, 1998). Furthermore, movement of the T cell oncontinuously crawl across the DC surface, and rapidly
detach (median within 6–12 min). These dynamic and the surface of the APC is observed upon cognate inter-
actions (Valitutti et al., 1995b; Delon et al., 1998a, 1998b;short-lived encounters favor sequential contacts with
the same or other DC and trigger calcium influx, upreg- Underhill et al., 1999).
Most of these events were described for liquid cultureulation of activation markers, T blast formation, and
proliferation. We conclude that a tissue environment models. Lymphatic organs and interstitial tissues, how-
ever, provide a three-dimensional (3D) reticular collagensupports the accumulation of sequential signals, im-
plicating a numeric or “digital” control mechanism for network facilitating migration dynamics as well as tar-
geted positioning of passenger cells (Ushiki et al., 1995;an ongoing primary immune response.
Ebnet et al., 1996; Gretz et al., 1996, 1997). In an attempt
to mimic the T cell activation process in a tissue environ-Introduction
ment, we have transferred established T cell activation
protocols into a sparse 3D collagen fiber network (FriedlT cell activation results from long-lasting physical inter-
actions between the T cell and antigen-presenting cells et al., 1997; Friedl and Bro¨cker, 2000) that acts as a
solid, spacy 3D substrate providing traction for cell mi-(APC), including macrophages, B cells, or dendritic cells
(DC) (Inaba et al., 1984; Kupfer and Singer, 1989; Steinman, gration as well as adhesive anchoring. In combination
with long-term time-lapse videomicroscopy, we investi-1991; Banchereau and Steinman, 1998). Thereby, the
interaction between the T cell and the APC is mainly gated the duration, dynamics, and frequency of physical
interactions between T cells and antigen-presenting DCprovided by cell adhesion molecules such as LFA-1 (leu-
kocyte function antigen 1) and ICAM-1 (intercellular cell on the single-cell level as well as T cell activation and
proliferation in populations.adhesion molecule 1) (Dustin et al., 1997; Hart, 1997;
Shaw and Dustin, 1997), facilitating the triggering of the
T cell receptor (TCR), engagement of accessory recep- Results
tors, and signal induction (Lanzavecchia et al., 1999).
Specific interaction of T cells with APC leads to multicel- DO11.10 T Cells Are Efficiently Activated by Bone
lular aggregation and the formation of stable cell clusters Marrow DC in 3D Collagen Lattices in the Absence
both in vitro (Van Voorhis et al., 1983; Inaba et al., 1984; of Large T Cell–DC Clusters
Inaba and Steinman, 1986; Underhill et al., 1999) and in Spleen T cells from DO11.10 mice carrying a transgenic
vivo (Ingulli et al., 1997). For activation of naive T cells, T cell receptor (TCR) specific for ovalbumin (OVA) pep-
tide aa323–339 in context with H2 (Murphy et al., 1990)
were mixed with bone-marrow derived DC (bmDC) from§ To whom correspondence should be addressed (e-mail: peter.
fr@mail.uni-wuerzburg.de). Balb/c mice loaded with OVA peptide and cultured either
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in 3D collagen lattices or medium. In liquid culture, T cells
and DC formed large multicellular aggregates (Figure
1A, 1 and 2, arrowheads), as previously described for poly-
clonal T cell activation (Inaba et al., 1984), while T cell–DC
coculture in the 3D collagen matrix phase lacked such
clusters (Figure 1A, 1 and 3; see clips OVA1 and OVA2
at http://www.immunity.com/cgi/content/full/13/3/323/
DC1). On a single-cell basis, as detected by time-lapse
videomicroscopy and computer-assisted cell tracking,
T cells were stimulated to migrate vigorously in the colla-
gen matrix, if DC were present in the culture supernatant
(Figure 1B) or in the lattice itself (see clips OVA1 and
OVA2 at http://www.immunity.com/cgi/content/full/13/
3/323/DC1). The number of migrating T cells, their re-
spective migration velocities, and the capacity to main-
tain migration over several days were increased without
direct need of physical DC–T cell contact. Despite the
lack of stable clusters, DO11.10 T cells were effectively
activated by peptide-loaded bmDC within 3D collagen
lattices, as detected by time-dependent blast formation
(Figure 1C, insets) as well as upregulation of CD69 and
CD25 (Figure 1C), and [3H]thymidine uptake (Figure 1D;
see clip OVA3 at http://www.immunity.com/cgi/content/
full/13/3/323/DC1). Based on cell densities, proliferation
within a 3D matrix was about half as effective as activa-
tion within liquid culture.
Physical Contacts between DO11.10 T Cells
and bmDC Are Short Lived
While migrating, T cells frequently encountered DC and
established physical contacts. In contrast to previous
reports, these T–DC interactions were transient and
short lived. The majority of these encounters lasted be-
tween 1 and 30 min in the presence of OVA peptide,
pulsed with OVA peptide were incorporated into 3D collagen lattices
(1, right) and monitored by time-lapse videomicroscopy for 24 hr.
Within the same chamber an adjacent liquid culture phase con-
taining an equal ratio of T cells and DC was established (1, left).
Large clusters containing T cells and DC were detected in the liquid
phase only (1, arrowheads), while no such clusters developed in 3D
collagen (1, right), which was further confirmed at higher magnifica-
tion (2 and 3). Bars, 500 mm (1) and 100 mm (2 and 3).
(B) The presence of DC induces and maintains T cell migration. DC
were cultured in the supernatant of an adjacent collagen matrix
containing T cells. Data represent the mean percentage of migrating
T cells and their respective mean velocities within 1 hr of observation,
as described (Nikolai et al., 1998). Data represent the means 6 SD of
160–200 cells from at least four independent experiments.
(C ) Upregulation of activation markers CD69 and CD25 on DO11.10
T cells cocultured with OVA peptide–loaded DC within 3D collagen
matrices. T cells were cocultured with peptide-loaded or control DC
in 3D collagen lattices, harvested by collagenase digestion after the
indicated time points and assayed by flow cytometry for morphology
(left), expression of CD69 (middle), and CD25 (right). The percentage
of positive cells was assessed for CD41 cells. The time-dependent
percentage of blasts is indicated in insets (left).
(D) DO11.10 T cells proliferate in response to DC loaded with OVA
peptide in 3D collagen lattices. DO11.10 T cells and OVA peptide
pulsed DC or unpulsed DC were cocultured within a collagen matrix
Figure 1. Nonactivated Murine DO11.10 T Cells Are Activated and (closed symbols) or liquid culture (open symbols). After 28 hr of
Proliferate within 3D Collagen Matrices in the Absence of Large T coculture, cells were pulsed with [3H]thymidine for the final 18 hr,
Cell–DC Clusters harvested, and assayed for cell bound radioactivity by liquid scintil-
(A) 3D collagen matrices counteract the formation of stable T cell–DC lation counting. Data show the means of triplicates 6 SD of one
clusters after 18 hr of coculture. DO11.10 T cells and Balb/c bmDC representative of six experiments.
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Figure 2. Within 3D Collagen Lattices, Murine T Cells Establish Short-Lived Cognate and Noncognate Physical Contacts to bmDC
Cocultures containing T cells and DC within 3D collagen lattices were monitored for 72 hr by continuous-time videorecording and analyzed
for the duration of randomly selected individual physical interactions established by migrating T cells. We analyzed 388 individual interactions
(n 5 6 independent experiments) for OVA-pulsed DC and DO11.10 T cells at different time points of the culture (left graph). The medians are
indicated (solid line). The presence of OVA peptide on the bmDC had no effect on the duration of individual interactions, as compared to
unpulsed bmDC (middle, n 5 2, 185 interactions) or unpulsed DC cocultured with wild-type BALB/c T cells lacking the transgenic TCR (right,
n 5 4, 130 interactions). A maximum duration of few individual contacts was in the range of 1–4 hr.
while a minority of 1%–9% was longer than 1 hr. The of naive CD41CD45RA1 cells by autologous DC, tran-
sient interactions (median: 6 min) (Figure 4A) resulted inmedian interaction time for DO11.10 T cells with OVA-
pulsed DC ranged between 7 and 12 min at different the generation of T blasts (Figure 4B, top) and in up-
regulation of CD25 and CD45R0 (Figure 4B, middle andtime points of the coculture (Figure 2, left; see clip OVA4
at http://www.immunity.com/cgi/content/full/13/3/323/ bottom). Parallel cultures of oxidative mitogenesis in
liquid medium developed large multicellular clusteringDC1). Intriguingly, this range of interaction time was a
highly consistent characteristic of T cell–DC interactions of T cells and DC (see clip oxmi1 at http://www.immunity.
com/cgi/content/full/13/3/323/DC1) followed by upreg-and largely independent on whether DC were antigen
loaded or not. In the absence of OVA peptide (Figure 2, ulation of activation markers (data not shown) and prolif-
eration (Figure 3C). Taken together, primary activationmiddle; see clip OVA5 at http://www.immunity.com/cgi/
content/full/13/3/323/DC1) or in T cells from BALB/c of murine and human T cells in 3D collagen lattices was
achieved by short-term interactions that were highlymice lacking the transgenic TCR (Figure 2, right) very
similar interaction times were obtained. Hence, OVA unlikely to support longer periods of sustained TCR trig-
gering for the generation of activation signals.peptide–specific T cell activation and proliferation in 3D
collagen matrices occurred in the presence of short-
lived T cell binding to DC. Individual DC–T Contacts Are Dynamic, Short Lived,
Repetitive, and Induce Calcium Influx
The observation that short-lived interactions of T cellsOxidative Mitogenesis of Human CD41 T Cells
by Autologous DC within 3D Collagen Matrices with DC can induce T cell activation and proliferation
contrasts with previous evidence suggesting a stop sig-Results from Short-Lived Interactions
T cell clustering with DC is considered to be essential nal and concomitant stable and long-lasting T cell–APC
contact (Inaba and Steinman, 1986; Dustin et al., 1997;for polyclonal T cell activation after iodination of the T
cell surface (oxidative mitogenesis) (Van Voorhis et al., Lanzavecchia and Sallusto, 2000). Instead of complete
stopping and sticking to the DC, T cells continued to1983; King and Katz, 1989). We have transferred the
oxidative mitogenesis technique to 3D collagen lattices crawl across the DC surface in both AG-dependent and
-independent activation models (Figures 5A and 5C; seein an attempt to induce T cell–DC clustering in an ECM
model. However, oxidative mitogenesis of human CD41 clips OVA4 and oxmi3 at http://www.immunity.com/cgi/
content/full/13/3/323/DC1). Upon contact, a transientT cells lacked stable multicellular clustering in collagen
(see clip oxmi2 at http://www.immunity.com/cgi/con- reduction in migration velocity was repeatedly observed
(Figure 5B, bottom); however, complete stopping wastent/full/13/3/323/DC1). Very similar to the activation of
murine T cells, interactions to DC were transient lasting a rare event. After detachment from one DC, migrating
T cells frequently encountered neighboring DC, resulting1–20 min (median: 6 min) for iodinated T cells and 1–12
min (median: 3 min) in noniodinated controls (Figure 3A). in sequential contacts (Figure 5B, top), or established
repetitive interactions with the same DC (Figure 5C).Despite these unexpected dynamics, T cell proliferation
was significant (Figure 3B), albeit 4-fold less efficient Although of short-lived and dynamic nature, antigen-
specific contacts triggered a raise of cytoplasmic cal-as compared to liquid cultures containing identical cell
densities (Figure 3C). Furthermore, in primary activation cium in T cells within 30–180 s after binding to DC (Figure
Immunity
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Figure 3. Polyclonal Activation of Human T
Cells by Autologous DC during Oxidative Mi-
togenesis Results from Short-Lived Interac-
tions
(A) Duration of individual T cell interactions to
DC in the course of 3 day cultures. Peripheral
human CD41 T cells were oxidized by iodate
and coembedded with mature autologous
monocyte-derived DC within 3D collagen lat-
tices. Median interaction times, as indicated
by solid lines, were 4–8 min for the oxidative
mitogenesis (234 interactions) and 2–3 min
for control cultures (211 interactions) as ob-
tained from five independent experiments.
(B) Proliferation in oxidized and nonoxidized
T cells in the presence of different numbers
of DC. [3H]thymidine incorporation from cells
within 3D collagen lattices was obtained after
66–68 hr of culture. Data represent the means
of duplicates for one representative out of
three experiments.
(C) Proliferation within 3D collagen lattices
as compared to liquid culture. [3H]thymidine
incorporation was obtained from equal cell
numbers (T:DC ratio 6:1) for T cell activation
by concanavalin A, oxidative mitogenesis, or
unstimulated control cells cultured for a total
of 68 hr within 3D collagen lattices or liquid
culture. Data represent one representative of
three independent experiments.
5D). This calcium influx was detected upon initial con- T cells established over time. The number of interactions
of individual migrating T cells to DC was enumeratedtact, persisted in the process of T cell crawling across
the DC, and was rapidly terminated shortly before or for a 4 hr time period irrespective on whether the same
or different DC were sequentially encountered. In theupon detachment (see clip of calcium overview, calcium
detail at http://www.immunity.com/cgi/content/full/13/ OVA model, migrating T cells established 0.25–0.70 in-
teractions/hr (median 0.25) after 24 hr of coculture. After3/323/DC1).
48 hr of coculture, the time point of highest T cell migra-
tion in the presence of DC (Figure 1B), a median of 0.48Accumulation of Multiple Interactions
Because T cell activation in 3D collagen matrices was interactions/hr was obtained, irrespective on whether
antigen was present on DC or not (Figure 6A). In oxida-effective in the absence of long-lasting T cell–DC con-
tacts, we investigated how many encounters individual tive mitogenesis, interaction frequencies were slightly
Figure 4. Short-Lived Interactions of Human
CD41CD45RA1 T Cells with DC Result in Pri-
mary T Cell Activation within 3D Collagen Lat-
tices
(A) CD45RA1 T cells were obtained by nega-
tive immunomagnetic selection of CD41 cells,
oxidized by iodate, and embedded within a
3D collagen lattice together with autologous
DC. The duration of individual interactions
was quantified after 24 hr of coculture (70
interactions). One representative experiment
out of three is shown.
(B) Blast formation and upregulation of CD25
and CD45R0 in CD45RA1 cells upon cocul-
ture with DC. Cells were harvested from 3D
collagen lattices by collagenase digestion
and assayed by flow cytometry excluding
dead cells by propidium iodide (PI) staining.
Data indicate the percentages of positive T
cells from oxidative mitogenesis and autolo-
gous controls (representing three indepen-
dent experiments).
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Figure 5. Migratory T Cell–DC Interactions Are Dynamic, Sequential, or Repetitive and Induce a Raise in Intracellular Calcium
(A) Individual oxidized human T cell before, during, and after contact to an autologous DC. The path of the T cell was reconstructed and
superimposed over a schematic drawing of the DC body. The photograph shows a still picture from the videorecording at the time point of
T cell detachment (asterisk).
(B) Sequential interactions. Migration path of one human T cell (oxidative mitogenesis) reconstructed from three sequential contacts to distinct
DC. Path and oscillations in migration velocity were reconstructed for migration before, during, and after interactions to DC. At the beginning
of each contact the velocity dropped (yet did not stop) and resumed again upon or immediately after the contact (gray rectangles).
(C) Repetitive interactions to DC. DO11.10 T cell establishing consecutive interactions to one OVA-pulsed DC. The DC outline is indicated in
frame 1. The onset of each contact (open arrowhead) and T cell crawling on the DC surface (green path segment) are indicated. Bar, 10 mm.
(D) Transient calcium influx upon dynamic interaction. Transmission and green Fluo-3 fluorescence of an individual DO11.10 T cell immediately
before, during, and after migratory contact to an OVA-pulsed DC, as detected by two-channel confocal microscopy. The time scale is indicated.
In peptide-free control cultures, only a minor raise in intracellular calcium was obtained upon cell–cell interaction (data not shown).
higher (median up to 0.85 contacts/hr; Figure 6B). Thus, spacy architecture, provides traction for ameboid lym-
phocyte crawling within an APC-containing compart-in 3D collagen lattices at relatively low cell densities as
compared to native lymphatic tissue (Ushiki et al., 1995; ment, thereby mimicking some structural features pres-
ent in the lymph node cortex (Ushiki et al., 1995; GretzIngulli et al., 1997), a T cell would establish an estimated
10 or 20 individual interactions to DC per 24 hr in the et al., 1996). Similar to lymphoid organs, a high number
of migrating antigen-specific T cells was cocultured withmurine and human model, respectively, accumulating a
median interaction time of up to 2 hr. On a stochastical relatively few resident dendritic cells. In this model, in
accordance with observations from in vivo T cell–DCbasis, after 3 days of coculture, sequential contacts
result in hours of cumulative T cell–DC interaction time. interactions in lymph node sections (Ingulli et al., 1997),
we detected only small aggregates. These aggregates
were transient and contained one or few T cells simulta-Discussion
neously bound to individual DC, while multicellular clus-
ters (.10 T cells/DC) were not observed.3D Extracellular Matrix Has a Promigratory Impact
on T Cell–APC Interactions These findings contrast to observations from liquid
culture models that favor specific T cell–DC interactionsOur results indicate that a 3D interstitial tissue matrix
facilitates not only T cell migration toward an APC but to occur within large stable aggregates (Inaba et al.,
1984; Inaba and Steinman, 1986). The importance ofalso supports motility upon cell–cell interaction. In sec-
ondary lymphatic organs, APC are located in the T cell– extensive clustering of T cells with DC was initially de-
scribed for the oxidative mitogenesis model (Vanrich areas of paracortical cords and become ap-
proached by migrating T cells (Gretz et al., 1997). As a Voorhis et al., 1983; King and Katz, 1989); however, we
have not succeeded in generating significant clusterssubstrate for T cell–DC contacts, we have used a fibrillar
3D collagen matrix environment that, because of its upon oxidative mitogenesis within 3D collagen matrices.
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several hours, in order to induce full T cell activation
(Iezzi et al., 1998; Lanzavecchia et al., 1999). To achieve
sustained signaling, migrating T cells were shown to
pause migration after binding to APC such as DC or B
cells (Valitutti et al., 1995b; Delon et al., 1998b) or upon
binding to a surface coated with peptide–MHC com-
plexes (Dustin et al., 1997). The process of stopping is
mediated by LFA-1/ICAM-1 engagement and leads to
the formation of a highly specialized tight interaction
plane between T cell and APC, that has been termed
immunological synapse or SMAC (Monks et al., 1998;
Grakoui et al., 1999).
In the collagen matrix model, however, T cell activa-
tion and proliferation were a consequence of highly dy-
namic, migratory cell–cell encounters rather than re-
sulting from stable long-lasting contacts. In a typicalFigure 6. Interaction Frequencies Resulting from Sequential and/or
Repetitive Contacts experiment, vigorous T cell locomotion before contact
becomes only slightly slowed down once the interactionT cells and DC were cocultured within a 3D collagen matrix. The
number of interactions of randomly selected migrating T cells to DC to the DC surface is established. Complete stopping of
within a period of 4 hr was quantified from time-lapse videore- T cells after contact to DC was a rare event (less than
cordings after 24 and 48 hr of coculture with DO11.10 murine cells 1 in 50 encounters; data not shown).
(A) or iodinated human T cells (B).
Our findings are in line with a recent report on continu-
ous crawling of T hybridoma cells on the surface of
antigen-presenting macrophages that lead to the activa-As a major difference to liquid culture, cells embedded
tion of a nuclear factor of activated T cells (NFAT)–in a fibrillar tissue seem to be prevented from passive
regulated promoter (Underhill et al., 1999). In this model,aggregation into growing clusters by convection. The
hybridoma T cells are able to move from APC to APClack of large aggregates in collagen can be explained
while being activated (Underhill et al., 1999). However,by several observations. First, T cell migration dynamics
because a macrophage line and transformed T cellsin collagen prevents stable attachment to the APC and
were used as APC and responder cells, respectively,favors T cell detachment, hence counteracting multicel-
their relevance to the activation of naive T cells by pro-lular aggregation. Second, baseline T cell motility is
fessional APC such as DC remains unknown. We heregreatly enhanced and prolonged in the presence of DC,
show that human and murine T cells can be fully acti-presumably mediated by soluble factors. DC secrete
vated by dynamic interactions inducing early raise inseveral migration-enhancing chemokines, including den-
intracellular calcium, upregulation of activation markers,dritic cell–derived C-C chemokine and others (Adema
and proliferation. If standardized to cell density in com-
et al., 1997; Tang and Cyster, 1999; Zlotnik and Yoshie,
parison to liquid culture, the proliferation efficiency in
2000) that not only attract naive or activated T cells
collagen was 2- to 4-fold lower, which may reflect the
into DC-containing tissue compartments but also might
percentage of T cells that did not accumulate a suffi-
support a high nondirectional migration rate once the ciently large number of encounters (including a nonmi-
compartment is entered. Third, T cells utilize collagen gratory T cell fraction of 15%–50%, varying from experi-
fibers as preformed guidance keys for migration (Friedl ment to experiment, as described [Friedl et al., 1995,
et al., 1998) and are likely to use collagen fibers that 1998; Entschladen et al., 1997]).
are immediately adjacent to resident DC for locomotor Because the cells continuously alter their relative po-
orientation. Fourth, the overall biophysics of the environ- sition toward each other and because the contact area
ment may determine how encountering cell bodies are is constantly changing, the molecular composition of
aligned in a dynamic situation. In lymphatic tissue, T the interaction plane between T cell and DC within 3D
cell crawling is likely to occur at an interphase between environments is likely to differ from characteristics es-
the DC membrane at one side and extracellular matrix tablished for the synapse/SMAC model. In an attempt
components on the surface of fibroblastic reticular cells to reconcile static and dynamic interaction strategies,
at the opposite side (Ushiki et al., 1995; Gretz et al., Underhill et al. (1999) have speculated that, upon inter-
1996, 1997). From high-resolution video recordings, it action of T cells with macrophages, an initial stop signal
became apparent that the length axes of crawling T might be reversed by PKC activation to a second, more
cells orient in parallel to the DC surface, presumably for dynamic and migratory phase. However, in the collagen
sterical reasons. Such continuous physical interaction matrix model, the very initial phase of cell–cell interac-
to a second interphase opposed to the DC surface, tion generates only minor reduction in migration veloc-
here collagen fibers, might prevent a stable polarized ity, while complete stopping was a rare event.
reorientation toward the APC. We have considered several hypotheses how static
and/or dynamic events in antigen presentation might be
Antigen Presentation Can Result from Dynamic determined. One explanation would be that stable T
Interactions that Lack a Stop Signal cell–APC junctions are preferentially formed by preacti-
The current view of antigen presentation, as derived vated T cells and/or effector cells, carrying higher levels
from 2D liquid culture models, predicts that antigen- of proadhesive receptors such as LFA-1, CD2, CD44,
and ß1 integrins (Springer, 1990) as well as preformedstimulated TCR triggering needs to be sustained for
Dynamics of Antigen Presentation
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TCR-activating lipid rafts on their surface (Viola et al., lymphatic tissue. In lymphatic tissue, cell densities are
very high (Ushiki et al., 1995; Gretz et al., 1997) and1999). Another possibility would be that interaction ki-
cell–cell interactions are abundantly observed (Ingulli etnetics are influenced by the nature and morphology of
al., 1997); hence, cell-rich environments are likely tothe APC. Certain types of APC, such as B cells, exhibit
support a higher number of interactions within shorteruniform morphology and relatively little dynamics that
time periods than shown here for the collagen matrixmight allow more stable sticking of T cells (Kupfer and
model. The cumulative interaction times reported hereinSinger, 1989). DC, in contrast, are highly migratory cells
clearly range below the 20 hr threshold required fordynamically altering their morphology in collagen (Gun-
primary T cell activation by a peptide–MHC-coated sur-zer et al., 1997, 2000), even while T cells are physically
face (Iezzi et al., 1998). Professional APC, such as DC,bound. Lastly, cytoskeletal dynamics in T cells might be
provide a multitude of costimulatory molecules and cy-determined by environmental factors (i.e., the nature of
tokines (Abbas and Sharpe, 1999; Zlotnik and Yoshie,the interphases encountered). When simply shaped
2000) in conjunction with sophisticated membrane dy-cells or beads are bound in the absence of further sub-
namics and oscillations (Gunzer et al., 2000). These par-strate, such as adjacent ECM, actin engagement is uni-
ticular characteristics can lower total contact durationpolar toward the emerging contact plane (Valitutti et al.,
required for priming T cells to 6 hr, if compared to more1995b; Delon et al., 1998b; Wu¨lfing and Davis, 1998). An
simplistic models using ligand-coated surfaces or solidadjacent interphase, such as collagen, however, might
beads (Lanzavecchia et al., 1999). For technical reasonsenable the cytoskeleton to simultaneously react toward
and because of considerable scatter of individual inter-physically and biochemically distinct ligands on oppo-
action times, the 3D collagen matrix model does cur-site sides and, thereby, counteract unipolar attachment.
rently not permit us to deduce the minimum threshold
number of interactions and interaction time required forDynamic T Cell–DC Interactions: Implications
T cell activation and proliferation. Because of rapid Ton Signaling
cell crawling outside the field of view or the in-focusAntigenic stimulation in T cells results in serial TCR trig-
plane, it was not possible to record all consecutive inter-gering generating a sustained level of second messen-
actions of an individual naive T cell until blast morphol-gers (Valitutti et al., 1995a; Lanzavecchia et al., 1999;
ogy or mitosis was achieved.Lanzavecchia and Sallusto, 2000). Calcium increase is
an early signaling event detectable within seconds after
Immune Control through Contact Multiplicity:the onset of static (Delon et al., 1998a, 1998b) and,
A Digital Modelas reported herein, within the first minute of dynamic
We have shown in quantitative terms that antigenic stim-interactions. In collagen, the calcium signal was main-
ulation of T cells can be induced by multiple short-livedtained in the process of T cell crawling across peptide-
contacts to APC resulting in repetitive short-term signal-loaded DC surfaces and terminated upon detachment.
ing. T cells contacting multiple DC are reminiscent ofThis suggests that migratory interaction allows suffi-
the serial conjugation process established by cytotoxicciently rapid TCR triggering by counterpart peptide–
T cells (CTL) toward target cells (Berke, 1994). AlthoughMHC complexes for signal induction. Because the affin-
both processes result from dynamic cell–cell contacts
ity of the TCR for peptide–MHC complexes is low
it is not clear to what extent cellular and molecular princi-
(Lanzavecchia et al., 1999) and the number of ligands
ples determining interactions of unprimed T cells with
is likely to be limited (Delon et al., 1998a), migratory professional APC correspond to serial engagement of
scanning of the DC surface could be a mechanism by CTL with target cells for serial killing.
which T cells increase the probability to serially trigger The serial encounter model has clear implications for
multiple TCRs (Valitutti et al., 1995a). This view is consis- understanding the mechanism of primary T cell activa-
tent with observations on vigorous actin dynamics and tion within lymphoid tissue. One implication is that anti-
migration in T cells responding to activation signals, gen density may be represented not only by the peptide
such as cross-linking of CD3 and CD2 (Nikolai et al., load on an individual APC but also by the number of
1998), activation of PKC (Entschladen et al., 1997), and peptide-loaded APC present within the migratory reach
physical contact to APC (Valitutti et al., 1995b; Underhill of an individual T cell. Hence, the need for serial encoun-
et al., 1999). ters to different DC loaded with the same antigen might
While high migration dynamics may support serial provide a numeric or “digital” control mechanism for
TCR triggering, yet counteract the maintenance of long- the cumulative signaling threshold based on both the
lived interactions, migrating T cells appear to accumu- number of interactions per time and their respective
late contact time from serial interactions. By enumerat- strength. At high density of antigen-bearing DC, as pres-
ing the contact frequencies established by migrating T ent in infectious situations (Sallusto and Lanzavecchia,
cells to DC, we observed that migrating T cells can 1999), a specific T cell would be likely to establish con-
collect considerable numbers of interactions in the secutive interactions, allowing a rapid collection of inter-
course of few hours. In collagen, median cumulative action time. Low density of antigen-bearing DC repre-
interaction times were estimated in the range of 2–6 hr senting normal steady state DC flux to lymphatic tissues
after 3 days of culture and maximum values were up (Sallusto and Lanzavecchia, 1999) would reduce the
to two interactions/hr lasting in total 20–40 min/hr. To probability for T cells to accumulate the activatory
maintain sufficient optical transparency in 3D collagen threshold number of interactions, potentially favoring
lattices, we have used relatively sparse overall cell den- anergy. From a DC point of view, continuously migrating
sities and, hence, may underestimate interaction fre- antigen-specific T cells could contact and, hence, “li-
cense” more than one DC for survival and subsequentquencies and cumulative durations present in native
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cell motility and cell–cell interactions were monitored for up to 72activation of cytotoxic effector cells (Lanzavecchia,
hr by time-lapse videomicroscopy at 1203 to 6303 magnification,1998; Ridge et al., 1998). We conclude that the cellular
as described (Friedl et al., 1993). Control experiments using unstimu-and molecular principles leading to T cell activation, as
lated cells were performed simultaneously using up to six indepen-
investigated in the context of a 3D extracellular matrix dent videomicroscopic units. To analyze the impact of bystander
model, will allow a more detailed understanding of the DC on baseline T cell motility, T cells were embedded within the 3D
collagen, and DC were added to the supernatant only, separateddynamics and sophistication of the primary immune re-
by a second, cell-free collagen interphase. This separation coculturesponse.
assay prevented direct physical T cell–DC interaction, as controlled
by videomicroscopy.Experimental Procedures
Analysis of DC–T Interactions and T Cell MigrationCell Isolation and Stimulation
Video recordings were subjected to computer-assisted cell trackingNonactivated murine T cells were prepared from spleens of DO11.10
(Friedl et al., 1993) and quantitative analysis of individual cells. TheTCR mice carrying a transgenic TCR for ovalbumin peptide AS 323-
number of physical contacts per migrating T cell, the duration of339 (Murphy et al., 1990). Control spleen T cells were obtained from
each interaction, and the migration velocity before, during and afterBALB/c mice. Spleen lysates were passed through a nylon wool
contact were quantified from randomly selected T cells. To excludecolumn, depleted from IgG1 cells using an immunocolumn (Cellect
irrelevant projections of cell bodies from cells migrating at differentmouse T, Tebu) and from CD81 cells using anti-murine CD8 mAb
levels in depth within the 3D matrix, a contact was defined by several(Ly-2, Pharmingen) and sheep anti-rat dynabeads (Dynal, Norway).
criteria, including nearly identical sharpness and contrast of the inFor some experiments, additional immunomagnetic depletion was
focus slice in the process of interaction, a responsive adaptationperformed against macrophages, granulocytes, NK cells, and B cells
of DC morphology toward the T cell and vice versa, and the projec-using antibodies against MAC-1, GR-1, B220, CD24, and CD16.
tion of the path of T cells crawling across the DC surface relativeIsolated spleen T cells were nonactivated based on the absence of
to the DC boundary. Interaction frequencies were obtained from theCD25 and CD69 as well as high CD62L expression. BALB/c DC
total number of contacts of each individual T cell to any DC in thewere obtained by culturing nonadherent bone marrow cells in RPMI
optical field divided by the time the T cell was visible. Migratory Tcontaining 5% fetal calf serum, GM-CSF (700 U/ml), and IL-4 (150
cells were followed for a 4 hr time frame 24 and 48 hr after the onsetU/ml) for 8 days (Labeur et al., 1999). Purity of the cells was assessed
of an experiment. Cells that moved outside the field of view or hadby morphological criteria as well as staining against a panel of
left the in-focus plane within less than 1 hr were excluded fromsurface molecules (MHCII, B7.1, B7.2, NLDC145, N418, ICAM-1,
analysis.CD40, BM8, ER-BMDM [Labeur et al., 1999]). Activated DC were
produced by adding murine CD40L (1 mg/ml; a kind gift from Im-
FACS Analysis and Proliferation Assaysmunex Corp.) for days 7 and 8 of the culture. DC were loaded with
For analysis of blast formation and upregulation of CD25, CD451 mg/ml OVA peptide (AS 323-339, Applied Biosystems) at day 8 for
isoforms and CD69 by flow cytometry, collagen gels were incubateda further 8–16 hr.
with highly purified collagenase VII (Sigma, 30 U/ml, 30 min., 378C),Human monocyte-derived DC were obtained from peripheral
as described (Friedl et al., 1995). Human cells were stained by FITC-blood monocytes of healthy donors by density gradient centrifuga-
conjugated mouse anti-human CD25 (B1.49, Immunotech) or anti-tion followed by isolation of the adhesive fraction and 10 day culture
human CD45RO (UCHL1) and PE-conjugated anti-human CD3 mAbusing RPMI/2% autologous human plasma containing GM-CSF (800
(UCHT1, Santa Cruz). Murine cells were stained by rat anti-mouseU/ml, Leucomax, Sandoz) and IL-4 (1000 U/ml, Strathmann Biotech),
CD25 (PC61) or hamster anti-mouse CD69 (H1.2F3, Pharmingen)as described (Romani et al., 1996). For terminal maturation, an autol-
followed by goat anti-rat or -hamster FITC and rat anti-mouse CD4-ogous monocyte-conditioned medium was used, as described (Ro-
PE (H129.19, Sigma). For exclusion of dead cells, propidium iodidemani et al., 1996). Alternatively, a cytokine cocktail containing IL-
was used.1a (500 U/ml), IL-6, TNF-a, IL-1b (all 1000 U/ml, all from Strathmann
For proliferation assays, 200,000 T cells were cocultured withBiotech) and PGE2 (1028 M, Sigma) was used for terminal DC matura-
OVA peptide–loaded or –nonloaded DC at different dilutions in 3Dtion from days 7 to 10. By day 10, DC were morphologically mature
collagen lattices or liquid culture. In murine cultures, 1 mCi [3H]thymi-developing multiple filopodia and veils, showed positive CD83 stain-
dine was added after 28 hr of culture for an additional 18 hr. Ining, and expressed surface MHC class II and B7.2 at high levels,
human cultures, 0.5 mCi [3H]thymidine was added after 48 hr ofwhile CD115 was lacking, as described (Jonuleit et al., 1997; Neu-
culture for an additional 18–20 hr. Cells were harvested by collage-mann et al., 2000). Autologous T cells were obtained from peripheral
nase digestion (30 U/ml, 30 min, 378C), washed, and analyzed forblood mononuclear cells using positive immunomagnetic selection
incorporated radioactivity by liquid scintillation counting. Measure-of CD41 cells (Dynabeads, Dynal), as described (Friedl et al., 1995).
ments were carried out in triplicates (murine) or duplicates (human).CD45RA-positive cells were obtained by additional negative immu-
nomagnetic selection using anti-CD45RO mAb (UCHL-1, Dianova,
Hamburg) and secondary goat-anti-mouse beads (Dynal) at a bead Calcium Signaling within 3D Collagen Matrices
to cell ratio of 10:1, as described (Friedl et al., 1994). Cells from DO11.10 T cells (1 3 106) and OVA peptide–loaded DC (200,000)
both positive and negative selection were not preactivated based were embedded within 100 ml collagen lattices. After 24–48 hr of co-
on random distribution of CD4 devoid of clustering at cell–bead culture, the supernatant was replaced by medium containing 2 mM
interfaces, high expression of CD62L, and the lack of upregulation Fluo-3AM (Molecular Probes) in mammalian saline (H2O distilled,
of CD25 or CD45RO upon further culture, as described (Friedl et 10 mM Glucose, 140 mM NaCl, 5 mM KCl, 10 mM sodium HEPES
al., 1995, 1998). For oxidative mitogenesis, CD41 T cells were incu- (pH 7.4), 1 mM CaCl2, 1 mM MgCl2 [Donnadieu et al., 1992]). Fluo-3
bated in 2 mM sodium periodate (Sigma) for 30 min at 48C, washed fluorescence and transmission images of individual migrating cells
twice, and cocultured with autologous DC in liquid culture or 3D were obtained by continuous-time two-channel confocal micros-
collagen lattices for 3 days. In both liquid culture and collagen, copy (Leica TCS SP; excitation wavelength, 488 nm; detection range,
oxidative mitogenesis-induced [3H]thymidine incorporation was 500–550 nm) coupled to a temperature-controlled stage.
comparable to levels obtained from concanavalin A (ConA)–
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